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We use neutron scattering to study the lattice and magnetic structure of the layered half-doped
manganite Pr0.5Ca1.5MnO4. On cooling from high temperature, the system first becomes charge-
and orbital- ordered (CO/OO) near TCO = 300 K and then develops checkerboard-like antiferromag-
netic (AF) order below TN = 130 K. At temperatures above TN but below TCO (TN < T < TCO),
the appearance of short-range AF spin correlations suppresses the CO/OO induced orthorhombic
strain, contrasting with other half-doped manganites, where AF order has no observable effect on
the lattice distortion. These results suggest that a strong spin-lattice coupling and the competition
between AF exchange and CO/OO ordering ultimately determines the low-temperature properties
of the system.
PACS numbers: 75.47.-m, 71.70.Ch
Understanding the competition and coupling between
charge, lattice, and spin degrees of freedom in doped
transition metal oxides continues to be one of the most
profound intellectual challenges in modern condensed
matter physics since the discovery of high-transition tem-
perature (high-Tc) superconductors and the colossal mag-
netoresistance (CMR) manganese oxides [1]. The com-
plexity of transition metal oxides is directly responsible
for their tunability and the balance between different
competing phases can produce large changes in the phys-
ical properties. For example, superconductivity in the
high-Tc superconductors La2−xBaxCuO4 becomes dras-
tically suppressed at the doping level of x = 1/8 due
to the spin and charge phase separation (the so-called
“striped” phase), where charge ordering (CO) establishes
a template at a higher temperature to be followed by an-
tiferromagnetic (AF) stripe order at a lower temperature
[2, 3]. The low-temperature AF phase has little or no
influence on the already established CO phase because
of its low energy scales. Similarly, the long-range AF
order in the parent compounds of high-Tc copper oxides
is charaterized by spin-only antiferromagnetism and has
little or no effect on the underlying lattice [1]. These re-
sults suggest that spin-lattice coupling is weak in high-Tc
copper oxides.
In the case of CMR manganites A1−xA
′
xMnO3 (where
A and A′ are trivalent rare- and divalent alkaline-earth
ions respectively), the competition between charge, lat-
tice, and spin degrees of freedom can be delicately bal-
anced to form a variety of ground states [1]. Before dop-
ing any holes into the system, the parent compound such
as LaMnO3 has an insulating ground state, where the
Mn3+ spins order in the A-type AF structure [4, 5]. For
hole-doping level around x = 0.3 by substituting triva-
lent La3+ with divalent Ca2+, La1−xCaxMnO3 becomes
a metallic ferromagnet with a CMR effect near the Curie
temperature TC . The formation of long-range ferromag-
netic order at TC also induces a large lattice distortion,
suggesting a strong spin-lattice coupling [6]. Upon in-
creasing the doping level to x = 0.5, La0.5Ca0.5MnO3
changes again into an AF insulating phase but with a
CE-type AF structure [4]. Here, equal amounts of Mn3+
and Mn4+ distribute alternately in the MnO2 plane of
La0.5Ca0.5MnO3, forming a checkerboard CE-type pat-
tern as schematically depicted in Figure 1(a) [4, 5]. Al-
though the CE-type AF order disappears on warming
above the Ne´el temperature TN , the system is still charge
and orbitally ordered (CO/OO). Such CO/OO order is
strongly coupled to the lattice and induces an orthorhom-
bic distortion that only disappears at temperatures well
above CO/OO ordering temperature TCO.
For example, in the three-dimensional nearly half-
doped perovskites La0.5Ca0.5MnO3 [7], Pr0.5Ca0.5MnO3
[8, 9], and Pr0.55(Ca0.8Sr0.2)0.45MnO3 [10], the CO/OO
ordered lattice first established slightly below room tem-
perature is followed by a CE-type AF order around 130 K
[Fig. 1(a)]. X-ray and neutron diffraction experiments
have shown that the materials exhibit a tetragonal to
orthorhombic phase transition near TCO. Furthermore,
the orthorhombicity increases with decreasing temper-
ature and shows no anomalies across the CE-type AF
phase transition [7, 8, 9, 10]. These results thus sug-
gest that CO/OO order is strongly coupled to the lattice
and there is a weak spin-lattice coupling. As a conse-
2quence, CO/OO ordering in half-doped perovskites may
have a larger energy scale than the low temperature mag-
netic order. For the single layer half-doped manganites
such as La0.5Sr1.5MnO4 (LSMO), a similar behavior is
also observed. Here, the material exhibits a tetragonal
to orthorhombic phase transition at the CO/OO tem-
perature of 230 K and then orders antiferromagnetically
with a CE-structure below about 120 K [11, 12]. The
lattice distortion and orthorhombicity of LSMO show no
anomalies below the AF phase transition. Therefore, it
appears that CO/OO order in doped transition metal
oxides generally is strongly coupled to the lattice, while
the low-temperature magentic order has no influence on
CO/OO ordering.
Although CO/OO order in doped manganites may
have a stronger coupling to the lattice than that of the
AF order, its microscopic origin is still unclear. Theo-
retically, CO/OO order established at higher tempera-
tures may actually have a purely magnetic spin origin
[13]; arise from a competition between the kinetic en-
ergy of the electrons and the magnetic exchange energy
[14], due to a tendency of the Jahn-Teller distorted Mn3+
ions to maximize their relative distances to gain electron
kinetic energy [15], or come from a purely Coulomb in-
teraction without invoking magnetic interactions [16, 17].
In general, charge ordering in half-doped manganites is
intimately related to the orbital ordering, where the or-
bitals of eg electrons on Mn
3+ sites form zigzag ferro-
magnetic chains that order antiferromagnetically [Fig.
1(a)] [18, 19]. One way to sort out the relationship be-
tween CO/OO and CE-type AF order is to carry out
systematic measurements on A0.5A
′
0.5MnO3 or layered
A0.5A
′
1.5MnO4 with different A and A
′ ionic sizes. De-
creasing the ionic size at A and A′ sites in half-doped
manganites increases the buckling of the MnO6 octa-
hedra and therefore the lattice distortion of the per-
ovskite. For three-dimensional A0.5A
′
0.5MnO3, replacing
Sr in Pr0.5Sr0.5MnO3 (TCO = 150 K) by the smaller Ca
to form Pr0.5Ca0.5MnO3 (TCO = 260 K) moderately en-
hances the CO/OO ordering temperature, but dramati-
cally increases the magnitude of the magnetic field (from
5 T for Pr0.5Sr0.5MnO3 to 27 T for Pr0.5Ca0.5MnO3)
needed to suppress CO/OO [20]. These results suggest
that CO/OO ordering is more stable for manganites with
smaller ionic size and larger lattice distortion; and has an
energy scale larger than that of the magnetic exchange.
Since single crystals of three-dimensional A0.5A
′
0.5MnO3
with the CE-type AF structure are unavailable, we study
A0.5A
′
1.5MnO4 with different A and A
′ ionic sizes.
RESULTS
Here we present neutron scattering results on
Pr0.5Ca1.5MnO4 (PCMO), a single layer manganite with
smaller average A and A′ site ionic radius and larger
lattice distortion than that of LSMO [21]. We chose to
study PCMO in order to determine the effect of the lat-
tice distortion on the CO/OO and AF phase transitions.
Since CO/OO is not affected by CE-type AF order in
LSMO [11, 12], one would expect that CO/OO becomes
more robust when the larger (La,Sr) ions in LSMO are
replaced by smaller (Pr,Ca) in PCMO. Surprisingly, we
find that the development of short-range AF spin cor-
relations in the MnO2 plane of PCMO significantly af-
fects the CO/OO-induced lattice distortion and reduces
the orthorhombicity of the system below TN . Our results
thus indicate the presence of a strong spin-lattice interac-
tion, suggesting that antiferromagnetism can reduce the
CO/OO-induced orthorhombic strain and thus compete
with the CO/OO ordering.
We grew single crystals of PCMO using the traveling
solvent floating zone technique. At room temperature,
PCMO has the orthorhombic structure with lattice pa-
rameters ao = 5.380 A˚ bo = 5.404 A˚ and co = 11.831 A˚
(space group bmab). For simplicity, we use the tetrago-
nal unit cell for the triple-axis measurements and label
the momentum transfers q = (qx, qy, qz) as (h, k, l) =
(qxa/2π, qya/2π, qzc/2π) in reciprocal lattice units (rlu),
where a = (ao + bo)/2
√
2 = 3.814 A˚.
Because one expects PCMO to behave similarly to
LSMO, we first probe the low temperature magnetic and
superlattice peaks associated with the CE-type AF struc-
ture and CO/OO state. Figs 1(d) and (f) show the
temperature dependence of the q = (3/2, 3/2, 0) and
q = (3/4, 5/4, 0) structural superlattice peaks, respec-
tively. Below ∼310 K, a structural phase transition asso-
ciated with the CO/OO ordering occurs, consistent with
the large increase in resistivity from transport measure-
ments [22]. Figs 1(c) and (e) show the temperature de-
pendence of the AF Bragg peaks at q = (1/4, 1/4, 3/2)
and q = (1/2, 0, 1/2), corresponding to the Mn3+ and
Mn4+ of the CE-type AF structure in Fig. 1(a), respec-
tively. The system develops AF order below 130 K,
consistent with the results of bulk transport measure-
ments [23] and similar to other half-doped manganites
[4, 7, 8, 9, 10, 11, 12].
To determine the low-temperature magnetic structure
of PCMO, we made extensive surveys of reciprocal space
and found that the allowed magnetic peaks are charac-
terized by wavevectors q = (2n + 1/4, 2n + 1/4, l) and
(2n + 1/2, 0, l) with n and l being integers and half-
integers, respectively [Fig. 1(b)]. Figure 2 summarizes
scans along the l direction for the (2n+ 1/4, 2n+ 1/4, l)
(corresponding to the Mn3+ sites) and (2n + 1/2, 0, l)
(the Mn4+ sites) Bragg positions. The l = m+1/2 (m =
0, 1, 2, · · ·) peaks are clearly magnetic because they dis-
appear above the Ne´el temperature [Fig. 2(c)]. We note
that the c-axis correlation length in PCMO is resolution-
limited and long-ranged, in contrast to the short-range
c-axis correlations in LSMO [11]. Magnetic structure fac-
tor calculations indicate two possible spin stackings of
3FIG. 1: Structural scatterings and their temperature depen-
dence. (a) Schematic view of the CE-type AF ordering in the
MnO2-plane. The black dashed line represents the periodicity
of the unit cell for the Mn3+ sublattice, and the blue dashed
line shows that of the Mn4+ sublattice. Possible spin arrange-
ments in the c/2 stacking layers are marked by red arrows.
The directions of Mn3+ orbitals form zigzag ferromagnetic
chains (red line) that order antiferromagnetically. (b) The
observed nuclear peaks (black open circles), CO-OO-induced
superlattice peaks (green open circles) and magnetic order-
ing (solid circles) in reciprocal space. The dotted open circles
represent the observed weak nuclear peaks that are disallowed
by orthorhombic symmetry, indicating that the symmetry is
lower than orthorhombic. Temperature dependence of the
AF peak intensity from (c) (1/4,1/4,3/2); (e) (1/2,0,1/2) and
temperature dependence of CO-OO peak intensity from (d)
(3/2,3/2,0) and from (f) (3/4,5/4,0).
successive MnO2 layers along the c-axis direction. As
depicted in Fig. 1(a), spins in the c/2 MnO2 layer simply
shift from those in the c = 0 layer by (a/2, a/2, c/2) or
(−a/2,−a/2, c/2). The stacking arrangements of Mn3+
sublattice are also shown in Fig. 2(a). The resulting mag-
netic structure allows both (2n + 1/4, 2n + 1/4, l) and
(2n + 1/2, 0, l) peaks. There is no evidence of magnetic
peaks at l-even (2n+1/4, 2n+1/4, l) positions [Fig. 2(c)]
as observed in LSMO [11]. The temperature dependence
of the order parameters for the (1/4, 1/4, 3/2) [Fig. 1(c)]
and (1/2, 0, 1/2) [Fig. 1(e)] peaks show that the Mn3+
and Mn4+ networks enter the AF long-range ordered
states simultaneously at TN ∼130 K.
We measured the radial and transverse scans of all
FIG. 2: The magnetic structure determination of PCMO. (a)
Two possible spin arrangements for the Mn3+ sublattice as
obtained from Rietveld analysis of the HRNPD data and fits
to single crystal integrated intensities at different positions.
(b) The geometrical relationship between the Mn3+ spin and
the MnO2 plane. (c) Scattering data along q=(1/4,1/4,L) at
T = 50 and 300 K, respectively. Panels (d), (e) and (f) show
the θ − 2θ scans for q=(3/4,3/4,L), (1/2,0,L) and (3/2,0,L)
that are projected to the [0,0,L] direction. The intensities of
observed magnetic peaks are fit to the generic magnetic form
factor for (g) Mn3+ and (h) Mn4+ ions.
observed magnetic peaks. The product of the longitu-
dinal peak width in full-width-half-maximum (FWHM)
and the integrated intensity of the rocking curve was used
as the total intensity of a Bragg peak. The observed in-
tensity of a magnetic Bragg peak should be proportional
to I ∝ |FM (q)|2/sin(2θ), where θ is the scattering angle.
The magnetic structure factor FM is
FM (q) =
∑
j
f(q)jq× (Mj × q)eiq·re−Wj , (1)
where f(q)j, Mj and e
−Wj are the magnetic form factor,
the spin moment of the j-th ion and Debye-Waller factor
respectively.
In the case of the Mn3+ spin network, the integrated
intensities of (2n + 1/4, 2n+ 1/4, l) peaks depend on α,
φ and γ, where α is the the angle between wave vec-
tor q and the MnO2 plane, φ is the angle between the
4FIG. 3: Temperature dependence of lattice parameters and
unit cell volume. The dashed line near 300 K marks the CO-
OO transition temperature TCO. While the in-plane a and
b lattice parameters show clear anomalies around TCO and
TN , the c-axis lattice parameter changes smoothly across both
transitions. The dash-dotted lines in panel (a) are guides to
the eye.
moment direction and the [1, 1, 0]/[0, 0, 1] plane, and γ
is the angle between the projection of the spins in the
[1, 1, 0]/[0, 0, 1] plane and the MnO2 plane, as depicted
in Figure 2(b). By fitting the integrated intensities of
(2n + 1/4, 2n + 1/4, l) peaks as a function of α, φ and
γ, we find that the best fit for the Mn3+ form factor
in Fig. 2(g) requires both φ and γ to be zero, indicat-
ing that the Mn3+ spins are in the MnO2 basal plane
and along the [1, 1, 0] direction [Figs. 1(a) and Fig. 2(a)].
Similarly, the moment direction for Mn4+ spins along the
[1, 1, 0] direction also gives the best fit [Fig. 2(h)]. Inde-
pendent Rietveld analysis of the magnetic structural data
on powder samples confirms that the magnetic structure
has dimensions of ao × 2bo × 2co (where ao = 5.37 A˚,
bo = 5.40 A˚, and co = 11.78 A˚ at low temperature) for
the Mn3+ magnetic sublattice and 2ao × 2bo × 2co for
Mn4+ sublattice. Although the proposed spin directions
of PCMO is different from that of LSMO, where spins
are aligned along the [1, 2, 0] direction in the MnO2 basal
plane, the presence of impurity and minority phase in
LSMO makes the conclusive magnetic strucutral deter-
FIG. 4: Strong spin-lattice coupling near the magnetic transi-
tion temperature. (a-c) Mesh-scans around the nuclear Bragg
peak (2,0,0)O [in orthorhombic notation] at T = 30, 160 and
320 K. (d and e) The corresponding mesh-scans around CO-
OO induced superlattice peak (2,1/2,0)O at 30 and 160 K. (f)
wavevector scans of the same CO-OO peak at selected tem-
peratures. (g) Temperature dependence of the peak inten-
sity from powder monitored at 2θ=36.61◦, which corresponds
to (1,1,2)t structural peak in tetragonal notation. The inset
shows the splitting of the (1,1,2)t peak [the actual (0,2,2)O
and (2,0,2)O in orthorhombic symmetry] becomes much more
prominent at 160 K and recovers back to one peak at low tem-
perature. (h) Temperature dependence of the obliqueness, the
separation between the center of the split peaks in reciprocal
space, for (2,0,0)O and (2,1/2,0)O .
mination difficult [11].
As PCMO is cooled from 350 K, the orthorhombicity of
its structure increases with decreasing temperature and
shows a clear enhancement of the orthorhombic strain
around the charge ordering temperature TCO to accom-
modate the establishment of orbital ordering. Figure 3
shows the temperature dependence of the lattice param-
eters and unit cell volume obtained from Rietveld anal-
ysis of the neutron powder diffraction data. While an
enhancement of the orthorhombic structure near TCO is
expected, similar to that of other half-doped manganites
[7, 8, 9, 10, 11, 12], the orthorhombicity of PCMO mys-
teriously becomes smaller below ∼150 K, at temperature
20 K above the TN of the system (Fig. 3). To demon-
strate this more clearly, we carried out detailed studies
of the (1, 1, 2) Bragg peak at temperatures 30 K< TN ,
TN <160 K< TCO, and TCO <320 K [Fig. 4(g)]. Below
TCO, the (1, 1, 2) peak at 2θ=36.61
◦ starts to broaden
with reduced peak intensity, and then splits into two
5FIG. 5: Crossover from two-dimensional AF fluctuations to
three-dimensional AF order. Wavevector scans of AF scat-
tering from the Mn3+ sublattice near q = (1/4, 1/4, 1/2)
(a) within Mn-O plane and (c) along the inter-plane direc-
tion. Similar scans from the Mn4+ sublattice near (1/2,0,1/2)
are presented in panels (b) and (d). Insets shows the evo-
lution of magnetic correlation lengths above the long range
AF order temperature TN = 130 K. (e) Temperature pro-
files of short-range magnetic scattering measured at (e) q =
(0.28, 0.28, 3/2) and at (f) q = (0.535, 0, 1/2). Those wavevec-
tors have been chosen to avoid the contamination from the
magnetic Bragg peaks.
peaks [indexed as (0, 2, 2)O and (2, 0, 2)O in orthorhombic
notation] at T ∼150 K as shown in the inset of Fig. 4(g).
As the temperature continues to drop, the split peaks
merge back into one at low temperature. The temper-
ature dependence of the (1, 1, 2) peak intensity shows a
continuous drop for T < 300 K and then the recovery
below T ∼150 K [Fig. 4(g)].
Figs. 4(a-f) summarize mesh scans in reciprocal space
near the fundamental Bragg (2, 0, 0)O and charge or-
dering (2, 1/2, 0)O positions in the orthorhombic sym-
metry at low, intermediate, and high temperatures ob-
tained on single cyrstals of PCMO. The (2, 0, 0)O peak
first broadens and then splits along the transverse di-
rection at 160 K. On further cooling to 30 K, the split
peaks become one again [Fig. 4(a)]. Figs. 4(d-f) show
that the (2, 1/2, 0)O CO-OO peak, which is equivalent
to the (3/4, 5/4, 0) peak in tetragonal notation, exhibits
similar behavior: broadens and splits between TN and
TCO, and emerges back to one below TN . To quantita-
tively determine the degree of orthorhombicity, we plot in
Fig. 4(h) the temperature dependence of the separation
between the centers of split peaks ǫ in reciprocal space.
Below TCO of 310 K, the distortion increases dramati-
cally. It continues to increase and reaches its maximum
around 150 K. Upon further cooling below ∼150 K (a
temperature 20 K above TN ), the lattice distortion is
continuously suppressed, but still remains at the lowest
probed temperature of 20 K. This anomalous lattice re-
sponse near TN has not been observed in LSMO or other
half-doped manganite systems. In these materials, the
CO/OO induced lattice distortions do not exhibit notice-
able anomaly across TN at lower temperatures [7, 8, 12].
We also note that the suppression of orthorhombicity be-
low ∼150 K in PCMO is not associated with the melting
of charge ordering as the integrated intensity of CO peaks
shown in Figs. 1(d) and 1(f) display no anomalies across
TN . This is different from bilayer perovskite manganites
[24, 25].
The temperature dependence of AF peaks such as
(1/4, 1/4, 3/2) and (1/2, 0, 1/2) shows a TN of 130 K for
PCMO. Wavevector scans within the MnO2 plane and
along the c-axis [Figs. 5(a)-5(d)] show quite anisotropic
correlations above TN . Scans along the [h, h, 1/2] and
[h, 0, 1/2] directions in the MnO2 plane display the clear
presence of two-dimensional short-range spin correlations
above TN . Figure 5(a) suggests that the in-plane Mn
3+-
Mn3+ spin correlations are established at temperatures
as high as 210 K, while the inter-plane Mn3+-Mn3+ spin
correlations are turned on only below TN [Fig. 5(c)]. The
spin correlations between Mn4+ ions behave similarly as
shown in Figs. 5(b) and 4(d). The short-range AF spin
correlations have been fit to a Lorentzian line shape as
shown in the solid curves in Figs. 5(a) and 5(b). Their
linewidths decrease with decreasing temperature. Below
TN , the Lorentzian line shape is gradually taken over
by a Gaussian component indicating the development of
long-range AF order. The insets of Figs. 5(a) and 5(b)
show the temperature dependence of the in-plane spin-
spin correlation lengths. While the correlation lengths
clearly diverge near TN as expected with the establish-
ment of the long-range AF order, there is no anomaly
around ∼150 K.
One way to determine the temperature dependence
of the staggered magnetic susceptibility is to track the
scattering intensity at a wavevector position slightly
away from the magnetic Bragg peak (to avoid the Gaus-
sian component) but close enough to probe short-range
spin-spin correlations. In a standard second order AF
phase transition, one would expect the staggered sus-
ceptibility to increase with decreasing temperature, peak
at the transition temperature and then decrease below
TN . Figs. 5(e) and 5(f) show the temperature depen-
dence of the scattering intensity at (0.28, 0.28, 3/2) and
(0.535, 0, 1/2), which probe the Mn3+ and Mn4+ spin-
spin correlations, respectively. The susceptibilities cor-
responding to Mn3+ and Mn4+ spin correlations start
6to increase around 240 K. They reach their maxima at
∼150 K on cooling and are continuously suppressed be-
low T ∼150 K, showing no anomaly across TN . Cur-
rently, we do not understand why there is no anomaly in
the spin correlation lengths at 150 K [see Figs. 4(a) and
4(b) Insets].
DISCUSSION AND CONCLUSION
In general, CO/OO ordering is strongly coupled to the
lattice, has a large energy scale, and occurs at higher tem-
peratures than magnetic ordering. As a consequence, the
development of magnetic order at low temperature usu-
ally has no effect on the lattice distortions induced by the
CO/OO order. For previously studied half-doped man-
ganites [7, 8, 9, 10, 11, 12], orbital ordering is always
established simultaneously with charge ordering [18, 19].
In addition, the CE-type AF order occurring at low tem-
peratures stabilizes the CO/OO ordered phase and the
orthorhombicity of the system saturates below TN [7].
Since PCMO has a smaller A0.5A
′
1.5 ionic radius and
larger lattice distortion than that of LSMO, one would
expect CO/OO order in PCMO to be more robust than
the magnetic order. Instead, the dramatic reduction of
the orthorhombicity near TN indicates a strong spin-
lattice coupling that can influence the distortion already
established by CO/OO ordering. At present, it is un-
clear why PCMO should behave differently from other
half-doped manganites. Perhaps the small Pr/Ca ionic
sizes and large lattice distortion in this material can en-
hance the CE-type AF superexchange interaction and
make it comparable to the energy of CO/OO ordering.
For LSMO, inelastic neutron scattering experiments [26]
have shown that the ferromagnetic exchange coupling
along the zigzag chain direction [see Fig. 1(a)] is about
5.5 times larger than that of AF exchange in between the
chains (JFM/JAF = 9.98 meV/1.83 meV ≈ 5.5).
In the case of PCMO, our preliminary spin wave mea-
surements based on the Hamiltonian similar to that
reported in ref. [26] suggest that this ratio becomes
JFM/JAF = 8.7 meV/6.5 meV ≈ 1.34 [27]. There-
fore, the AF exchange interaction is much stronger in
PCMO than in LSMO, making a more robust AF CE
structure with little anisotropy between a and b axis di-
rections. This means that the AF order in PCMO prefers
a tetragonal structure rather than orthorhombic [5], and
provides a competing energy scale to the already estab-
lished CO/OO ordering. In any case, our data clearly
indicate that the magnetic exchange energy in PCMO is
an important competing force and must be taken into ac-
count to understand its low temperature electronic prop-
erties. Furthermore, the spin-lattice coupling in PCMO
is much stronger than that for other half-doped mangan-
ites.
In summary, we have carried out neutron scattering
studies of the lattice and magnetic structure of the lay-
ered half-doped manganite PCMO. The system first dis-
plays CO/OO order and then develops CE-type AF order
at low temperatures. We have discovered that AF order
can have a large effect on the already established lattice
distortions induced by the CO/OO. This result indicates
a strong spin-lattice coupling in PCMO. It also contrasts
with all other known half-doped manganites, where AF
order has little or no influence on orthohombic strains
in the system. We argue that the reason for this differ-
ence is because magnetic exchange coupling in PCMO
is much more isotropic, favoring a tetragonal AF crystal
structure. As a consequence, the low-temperature elec-
tronic properties of the half-doped manganites are deter-
mined not only by CO/OO ordering, but are also affect
by strong spin-lattice coupling.
MATERIALS AND METHODS
We grew single crystals of PCMO using the traveling
solvent floating zone technique. High resolution neutron
powder diffraction (HRNPD) experiments were carried
out on BT-1 at the NIST Center for Neutron Research
(NCNR) with powder of crushed single crystals. Elas-
tic neutron scattering measurements were carried out on
the thermal triple-axis instruments BT-7 and BT-9 at
NCNR. Rietveld analysis on the powder data indicates
that the crystals were single phase without detectable im-
purities. The crystals were mounted in a closed cycle He
displex and aligned in successive orientations to allow the
wavevectors in the form of (h, h, l), (h, k, 0) and (h, 0, l)
accessible in the horizontal scattering plane. Neutron en-
ergies of 14.7 meV and 13.7 meV were used with pyrolytic
graphite crystals as monochromator, analyzer and filters.
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